The interaction between a laminar vortex ring and a flat diffusion flame is investigated via direct numerical simulations. The diffusion flame is generated by a ''spark'' and is implemented as initial condition for the simulations. The chemistry is modeled by an Arrhenius, single step, irreversible reaction. A heat-releasing flame sheet is also considered in addition to the finite rate flames. The vortex ring is generated by an axisymmetric discharge of fuel-inert species mixture that enters a quiescent medium with the same composition and temperature. Two stages are identified during the finite rate diffusion flame-vortex ring interaction. The first stage corresponds to the head-on collision between the flame and the vortex ring, and lasts until the flame is quenched near the centerline. The unsteady effects are dominant and examination of the terms in the temperature transport equation reveals that, depending on the relative strengths of the vortex ring and the flame, convection and/or diffusion terms are responsible for the local flame extinction. The extinction patterns obtained from the flame-vortex ring interaction during this stage, are compared with the results from unsteady counterflow diffusion flame simulations. The second stage corresponds to the passage of the ring through the flame and its interaction with the flame from the oxidizer side. During this stage, the vortex ring loses its strength and, in addition to the unsteady effects, curvature effects can also become important.
I. INTRODUCTION
Combustion systems are an integral part of everyday life from the internal combustion engine to the industrial furnace and the rocket engine. The understanding of turbulent combustion processes has long been the goal of the research community in order to increase the efficiency and reduce the pollution of the combustion systems.
In nonpremixed combustion systems, reactant species can be transported towards each other by means of convection, molecular diffusion, and turbulent diffusion. Studies in turbulence shows that mixing is controlled mostly by large scale vortical structures, and that flame-vortex interactions are central components of turbulent combustion. The interaction between a laminar vortex ring and a diffusion flame may explain some of the fundamental aspects of the transport and combustion phenomena present in turbulent flames. These include entrainment and mixing, strain and nonequilibrium phenomena, partial premixing, and heat release effects.
The flame-vortex interactions are examined in a growing number of analytical, experimental, and numerical studies. In this section, we focus on key studies relevant to our investigation. For a recent review of this subject, see Renard et al. 1 Several studies, using simple or detailed chemistry, focused on the effects of unsteady strain rate field on the structure, ignition and extinction characteristics of nonpremixed flames. Cuenot and Poinsot 2 reported results on the interaction of a vortex pair with a nonpremixed flame. They studied the effects of curvature and flow unsteadiness on the flame to identify the validity limits of the laminar flamelet assumption. Takahashi and Katta 3 performed a numerical study of the interaction between a laminar methane flame and a vortex ring. Three regimes of the interaction were highlighted based on the controlling processes: convection, diffusion, and chemical kinetics.
Thévenin et al. 4, 5 investigated the interaction between a vortex ring and a counterflow diffusion flame. Numerical simulations are used to complement the experimental measurements and to explain the typical features of the interaction. The relative importance of mixing and strain rate effects acting on the flame is assessed. It was shown that extinction occurs despite the high degree of mixing during the interaction. The experimental work was continued further by Renard et al. 6 Correlations between OH concentrations and heat release rate are examined to obtain a criterion for extinction. A similar configuration was used by Katta et al. 7 to study the quenching patterns of the diffusion flame. A relatively fast vortex would produce a point-quenching pattern, whereas the interaction with a slower vortex would lead to an annularquenching pattern due to the flame curvature and preferential diffusion effects.
Direct numerical simulation was used by Hewett and Madnia 8 to study the flame-vortex interaction in a laminar reacting vortex ring. The ring is generated by an axisymmetric jet that is impulsed to emit cold fuel through a nozzle into a͒ Present address: MSX International, 15000 Commerce Drive North, Dearborn, Michigan 48120. b͒ Author to whom correspondence should be addressed. Electronic mail: madnia@buffalo.edu a quiescent ambient at a much higher temperature. A onestep Arrhenius reaction was used to mimic the combustion of a typical hydrocarbon in air. Different reaction dynamics were identified depending on the temperature of the oxidizer. A similar configuration was used by Chen and Dahm. 9, 10 The highly symmetric results obtained in microgravity environment are well suited for comparisons with numerical simulations. More recently, Chen et al. 11 performed numerical simulations of the above configuration. It was found that, consistent with the experiments, volume dilatation due to heat release is the primary mechanism that alters the flow and mixing process in reacting rings.
The present study focuses on the interaction between a vortex ring and a flat diffusion flame. The chemical reaction is modeled by an Arrhenius-type reaction. The diffusion flame was generated by ''spark'' ignition and was allowed to reach a quasisteady state before the interaction with the vortex ring. This configuration is somewhat unique in that it allows us to study the interaction of a vortex ring with an initially unstrained flame. Also it allows us to investigate the characteristics of the interaction after the vortex ring passes through the flame.
The main objectives of this investigation are ͑1͒ to study the flame structure during its interaction with a vortex ring, and ͑2͒ to determine the unsteady extinction characteristics of the diffusion flame. This paper is organized as follows: Sec. II contains the governing equations and numerical methodology. The generation of the diffusion flames is described in Sec. III. The dynamics, global characteristics, and the structure of the flame during the interaction are presented in Sec. IV. Unsteady extinction characteristics are evaluated in Sec. V. Summary and conclusions are stated in Sec. VI.
II. GOVERNING EQUATIONS AND NUMERICAL METHODOLOGY
The interaction between a laminar vortex ring and a flat diffusion flame is studied. A geometrical sketch is presented in Fig. 1 . The domain is divided into two regions of fuel and oxidizer. The entire domain is diluted by 25% by mass of inert species. The fuel-oxidizer interface is ignited by a spark and a quasisteady diffusion flame is obtained. The diffusion flame is then implemented as initial conditions for the simulations. The vortex ring is generated by a short duration round jet that enters the computational domain from the fuel side of the flame and has the same composition and temperature as the fuel region. The roll up of the shear layer between the jet and the quiescent ambient results in the formation of the vortex ring. The vortex ring direction of motion is perpendicular to the diffusion flame. Due to the axisymmetric nature of the problem, a two-dimensional cross section is considered for the calculations.
The nondimensional, axisymmetric forms of the conservation equations 12 for mass, momentum, energy, and species are solved,
The nondimensional flow quantities are density, , radial velocity, v r , axial velocity, v z , total energy, E, and mass fractions of species i, Y i . The ideal gas equation of state is assumed to hold. All species have same molecular weights, thermodynamical and transport properties. Assuming constant specific heat, the total energy is given by
where T is the temperature, ␥ is the ratio of the specific heats, Y P is the mass fraction of product, M is the reference Mach number, and Ce is the nondimensional heat release parameter. The nondimensional forms of the axisymmetric stress tensor, , heat flux, q, and diffusion flux, J, are given elsewhere. 8 The viscosity depends on temperature through a power law, ϭT 0.7 . The temperature dependence of the thermal conductivity and mass diffusivity is obtained by setting Pr and Le equal to unity throughout this study. The chemical reaction is assumed to occur through a one-step irreversible global reaction, Fϩr st O→(1ϩr st ) P, where F is fuel, O is oxidizer, P is product, and r st is the stoichiometric mass ratio between oxidizer and fuel. The nondimensional reaction rates for fuel, oxidizer, and product are
and
where Da c is the computational Damköhler number, and Ze is the Zeldovich number. For this computational study we used a code developed and validated previously by our group. 8 Spatial derivatives of the terms in the transport equations presented above are computed using a fourth order accurate compact finite difference method. 13, 14 The time integration is performed using an explicit two step, second order MacCormack scheme. The computational domain ͑Fig. 1͒ represents the left side of a cross section through an upright cylinder. The right boundary coincides with the centerline and appropriate conditions were imposed to account for the symmetry. At outflow ͑left and top͒ boundaries, far from the interaction region, first derivatives normal to the boundary, of each of the flow quantities, are set to zero. The vortex ring is generated by a brief discharge of fuel-inert species mixture from the bottom ͑inflow͒ boundary, and moves in the vertical direction. ''Tophat'' profiles 8, 15 were used to specify both spatial and temporal distributions of flow quantities. After the shut-off of the fuel jet, the first derivatives are set to zero on the inflow boundary. The initial values in the computational domain correspond to the field of a quasisteady flat diffusion flame, normal to the centerline. The flame corresponding to each run is generated prior to the simulation, through a spark-ignition process. The methodology is described in the next section.
Several tests were performed to determine the optimum size of the computational domain and the resolution needed to obtain accurate results. For runs 1, 2, and 4 -6 ͑Table I͒ it was determined that a domain with L z ϭ14 and L r ϭ7 is sufficient to capture the dynamics of the interaction, without interference from the boundaries. An orthogonal mesh is used, with 1025 equally spaced grid points in the axial direction. The radial grid has 513 points, with compression in the shear layer of the jet (rϭ0.5). For run 3, with a larger diameter vortex ring compare with other runs, the domain was enlarged. A domain size of L z ϭ22 and L r ϭ12 was used with 1611ϫ879 grid points.
The time step is limited by two constraints, hydrodynamical and chemical. The first one is a CFL type condition to ensure the stability and accuracy of the flow-field. The chemical constraint 16 limits the product formation rate, and ensures a correct temporal integration of the species mass fraction fields.
III. DESCRIPTION OF THE DIFFUSION FLAMES
Prior to the generation of the flat diffusion flames, the computational domain is split into fuel and oxidizer regions ͑Fig. 1͒. Table II presents the initialization of the species mass fraction profiles.
The interface between fuel and oxidizer regions is ignited by a ''spark,'' implemented as a source term in Eq. ͑4͒,
where A is the amplitude of the spark. The time program, (t), and the spatial distribution, (z), are based on hyperbolic tangent functions. The center of the spark coincides with the interface between the fuel and the oxidizer regions, z c . For all flames, except flame 3, this interface is located at z c ϭ4. The fuel-oxidizer interface for flame 3 is located at z c ϭ5.
The parameters that define the spark are chosen to maximize the internal energy and minimize the energy deposited into the flow as kinetic energy. The spark raises the temperature in the field around the interface region to a value large enough to obtain a self-sustained flame. For all the finite rate flames, ͑1-5͒ in Table III , the maximum temperature in the field continues to increase after the spark is turned off. While for the slower flame 1 it takes longer for the temperature to reach a quasisteady state, for flames 2-5 the maximum temperature increases sharply and a quasisteady state is achieved in a shorter time. The flame parameters are given in Table III . The heat release parameter Ceϭ11.67 was used for all flames, and the Zeldovich number for all finite rate flames, was set to Zeϭ25. The reaction rate and scalar fields prior to the interaction with the vortex ring are examined. Flame 1 is the slowest self-sustained flame that could be obtained using the given spark parameters. For flames with Da c Ͻ90, the energy deposited into the flow is insufficient to achieve a temperature high enough to develop a self-sustained chemical reaction. Flames 2 and 3 were generated in order to study the effect of a faster, but finite rate reaction on the flame-vortex ring interaction. The higher Da c leads to a faster reaction during the flame generation and the product mass fraction and temperature reach higher values compared with flame 1. A comparison ͓Fig. 2͑a͔͒ between the spark ignition process and an equivalent opposed jet diffusion flame shows a very good agreement for the species mass fraction profiles and reaction rate fields around the stoichiometric region. During the spark ignition process, as the fuel and oxidizer are quickly consumed at the center of the flame, pockets of mixture are left unburned on each side of the main flame, leading to secondary flames. The strength of these flames rapidly decreases and they do not play a significant role during the interaction.
Flames 4 and 5 are generated to study the characteristics of the interaction for nonunity values of r st . These flames have the same Da c as flames 2 and 3. The fuel and oxidizer are consumed at different rates and the symmetry observed for r st ϭ1 does not exist for these flames. The flame fronts are moving from the initial position in the center of the spark towards the side corresponding to the species with a higher consumption rate. Upon achieving a quasisteady state, for flame 4 the maximum product reaction rate occurs on the stoichiometric surface f st ϭ0.2 located at z st ϭ4.61 ͓Fig. 2͑b͔͒. For flame 5 the maximum reaction rate also corresponds to the stoichiometric mixture, f st ϭ0.8 located at z st ϭ3.39.
Flame 6 is used to study the effect of the heat released by an infinitely fast reaction, on the vorticity field. The chemical composition of the field is initialized by defining the initial mixture fraction profile,
This profile is used to calculate the product mass fraction, and the temperature field is computed assuming that all the heat released by the flame sheet leads solely to the increase of enthalpy
Under this assumption, the total energy per unit mass does not contain any kinetic energy, and the initial velocities in the field are set to zero. For this case, the spark is not necessary since the chemical reaction occurs instantaneously at the interface between the fuel and oxidizer. The initial maximum temperature is equal to the adiabatic flame temperature and remains constant throughout the flame generation period. An important parameter for the flame-vortex interaction is the flame thickness, ␦ R . This parameter is defined based on the product reaction rate values. In order to calculate the thickness, the edge of the flame is defined as the location where the product reaction rate is 5% of its maximum value in the initial field W p 0 . Another parameter which is useful in studying the effects of chemical reaction on the vorticity field is the thermal thickness of the flame, ␦ T , defined based on the temperature field. The values of ␦ R and ␦ T are given in Table III . In order to study the ''mixing'' and thermal characteristics of the flame during the interaction, the product reaction rate is normalized with W p 0 , and decomposed into MIX and THRM terms,
The MIX term is a measure of the mixing of fuel and oxidizer and is proportional with the product of the molar concentrations of the fuel and the oxidizer. The THRM term represents the dependence of the reaction rate on the temperature. For the finite rate reactions, the distribution of these terms determines the location and structure of the flame, and the evolution of the flame during the interaction can be explained based on combined evolution of MIX and THRM. Figure 3 shows the centerline profiles of MIX and THRM terms for runs 2 and 4 at the beginning of the interaction. For all finite rate flames, the MIX term has two local maxima, located towards the flame edges. These maxima correspond to the unburned pockets of the fuel-oxidizer mixture mentioned earlier. For flames 1, 2, and 3 the maximum value of the THRM term occurs at f st ϭ0.5 corresponding to the center of the spark. For flames 4 ͓Fig. 3͑b͔͒ and 5, with r st 1, the location of the maximum THRM shifts from the center of the spark towards the stoichiometric position.
IV. CHARACTERISTICS OF THE INTERACTION
Corresponding to the diffusion flames presented above, six numerical simulations were performed. Spatial profile and time program of the round jet used to generate the vortex ring are presented elsewhere. 8, 15 The vortex ring characteristics are presented in Table I . For all runs except run 3, the vortex ring characteristics are the same. The ratio between the piston stroke and the jet diameter is L p /D j ϭ2, and the Reynolds number based on the vortex ring circulation is Re ⌫ ϭ1930. Based on the laminar to turbulent transitionboundary-plot of the vortex rings, 17 the vortex rings in the present simulations are well within the laminar regime. The reference Reynolds number, Reϭ2000, is based on the maximum jet centerline velocity. Run 3 was performed to study the effects of a slower vortex ring on the dynamics of the interaction, as the flame parameters are identical to run 2. While the maximum centerline velocity is one third compared to the other runs, the reference Re number is the same, by increasing the jet diameter accordingly. Due to the limitations imposed by a fully compressible code, a further decrease of the vortex ring velocity is not possible.
A. Visualization
Movies of the evolution of vorticity, product reaction rate, and species mass fraction fields are used to examine the dynamics of the flame-vortex interaction. From hereafter the product reaction rate will be referred to as ''reaction rate.'' The time variable, t, is referenced with respect to the beginning of the interaction between the vortex ring and the diffusion flame. The interaction is considered to start when the magnitude of the reaction rate on the centerline increases above 1.05ϫW p 0 .
Freeze frames of the reaction rate and vorticity fields during the interaction are shown in Fig. 4 . For run 2 ͓Fig. 4͑a͔͒ first frame corresponds to early times during the interaction. The diffusion flame is slightly stretched and the maximum value of the reaction rate on the centerline is increased to 1.8. Due to the misalignment between the pressure gradient inside the vortex ring and the density gradient in the flame region, a region of positive baroclinic vorticity is generated in front of the vortex ring. As the vortex ring further stretches the flame, initially there is a sharp increase in the value of the reaction rate, after which the maximum value on the centerline decreases below the ''extinction'' limit. Throughout this study we define a certain region of the flame to be extinct if the value of the reaction rate in that region decreases below 5% of W p 0 .
At tϷ6.2 the vortex ring quenches the flame on the centerline and passes through towards the oxidizer side. The induced rotational motion of the vortex ring then stretches the flame and rolls it inside (tϭ7.7). The vorticity field is distorted and develops two local maxima ͑see enlarged region͒, as the positive baroclinically generated vorticity reaches similar values as the core vorticity. Additionally, a negative vorticity field is formed between the flame and the centerline. The flame is continuously stretched and rolled inside the vortex ''core.'' The next frame (tϭ10.7) shows a significant decrease of the flame thickness in between the positive and negative vorticity zones. Shortly after, extinction will occur in this region, and the flame captured inside the ring will be disconnected from the main diffusion flame. The last two frames show the evolution of the fields at later times. The vorticity field returns to a ''vortex ring'' shape but with a much lower value of the maximum vorticity in the field ( max Ϸ2), and the flame inside the vortex core becomes extinct. After the separation from the vorticity region, the main diffusion flame starts to fill out the gap in the centerline region, and corresponding to the last snapshot (tϭ28), the reaction rate on the centerline increases above the threshold of 0.05W p 0 .
Based on the above observations two stages of the interaction between the vortex ring and a flat diffusion flame are defined. These stages are separated by the time at which the flame is extinct on the centerline. The first stage corresponds to the head-on interaction between the vortex ring and the diffusion flame. During the second stage, the diffusion flame is stretched and rolls inside the vortex core as the ring penetrates through the oxidizer side of the flame.
The diffusion flame evolution during run 2 corresponds to the ''type II'' configuration observed experimentally by Thévenin et al. 5 While the experimental configuration allows the investigation of the head-on interaction between the opposed jet diffusion flame and the vortex ring ͑stage 1͒, the presence of nozzles limits the investigation during stage 2, after the vortex ring passes through the flame. Our configu- ration allows us to study the flame-vortex interaction throughout stage 2.
Run 3 ͓Fig. 4͑b͔͒ was performed to study the interaction between a slower vortex ring and the diffusion flame. The vortex core diameter is three times larger compare to other runs and is approximately the same size as the thickness of the unstrained flame. During stage 1, the global behavior of the reaction rate and vorticity field is similar to run 2. The extinction of the strained diffusion flame starts from the centerline at about tϭ37. During stage 2, the dynamics of the interaction is different compared to run 2. The vortex core is not strong enough to engulf the flame inside (tϭ62). During this stage, the high reaction rate region ͑black and white thick contour levels͒ splits in two regions (tϭ93). One region is moving towards the centerline, closing the diffusion flame behind the ring. The other region of the flame is pushed in front the vortex ring, and is v-shaped. Unlike run 2, extinction of the flame has not occurred yet. The flame behind the vortex ring slowly retracts and diminishes in strength (tϭ112). The flame above the ring wraps around the core, and the heat of reaction significantly distorts the vortex ring. Corresponding to this frame, the maximum value of the vorticity field significantly decreases. The fuel transported by the ring to the oxidizer side is completely consumed at tϭ160. The first four freeze frames for run 3 are similar to Fig. 10 corresponding to the experimental case 1 of Renard et al. 6 In the experiment, the vortex ring is strong enough to penetrate through the flame. However, in run 3 the ring is weakened significantly due to heat release and cannot pass through the flame.
Runs 1, 2, and 5 show qualitatively similar dynamics of the interaction, summarized in Fig. 4͑a͒ . Run 4 ͓Fig. 4͑c͔͒ shows different dynamics compare to other runs during the latter part of stage 2. The high reaction rate region stretched inside the vortex core (tϭ9.5) alters the dynamics of the vorticity field. After the separation from the main diffusion flame, tϷ12.5, the flame inside the vortex core increases its strength. At tϭ18.5, due to the continuous heat release inside the core, the vortex ring gets deformed and its strength decreases. After the consumption of the oxidizer entrained inside the vortex core during the interaction, a diffusion flame surrounds the vortex core (tϭ26.5) and destroys it. Figure 4͑d͒ shows the evolution of the product mass fraction for run 6 at the same time instants as Fig. 4͑a͒ . As the vortex ring propels towards the flame-sheet (tϭ3.7), a region of positive vorticity is generated in front of the vortex ring, similar to the finite rate cases presented above. However, as the ring advances, there is a considerable difference between this simulation and the other runs (tϭ7.7). Contrary to the finite rate runs, the ring can not quench the flame sheet and penetrate through it. Further stretching of the flame sheet results in both positive and negative baroclinic vorticity generation (tϭ10.7). During this phase of the interaction, hot products are entrained inside the vortex ring. As a result of the redistribution and cancellation of the vorticity field, its magnitude decreases significantly. Although the vortex ring is completely destroyed, there is a slow translational motion in the field and the flame sheet is slowly stretched until it stops around tϭ30. This flame sheet-vortex ring interaction is similar to ''type III'' interaction described by Thévenin et al.
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B. Global characteristics
The global features related to the dynamics of the interaction are presented in this section. The global heat release rate is defined as
The computational domain is large enough to resemble the conditions of an unbounded ambient. The diffusion flamevortex ring interaction is contained in a smaller domain, V int , corresponding to rϽ5.5 for run 3 and rϽ3 for all the other runs. Figure 5 shows the evolution of the global heat release for runs 2, 4, and 6. The results are in qualitative agreement with Thévenin et al. 4 In the absence of the vortex ring, the global heat release rate decreases as t Ϫn , where n was numerically determined to be in the range ͑0.48 -0.57͒. These values are close to nϭ0.5 obtained for a flame sheet. Since the vortex ring has the same characteristics for the cases shown in this figure, the global heat release is intensified at about the same time (tϷ4). For run 2 ͓Fig. 5͑a͔͒ during stage 1 (tϽ6.2), the interaction leads to a 30% increase of Q compared to the undisturbed flame. At later times, during stage 2, the rotational velocity field further stretches the flame, and the difference increases to 60% towards the end of the simulation. The evolution of the global heat release for run 4 is similar with run 2 during stage 1 and early stage 2. Later on, the reaction inside the vortex core ͓see also Fig.  4͑c͔͒ , results in very high values of Q for this run. Similar to the finite rate runs, run 6 ͓Fig. 5͑b͔͒, shows an enhancement of the heat release rate. For this case the impinging vortex ring continuously stretches the flame sheet and no extinction is observed. The heat release rate increases by a factor of 3 compared to an undisturbed flame sheet (tϭ14). The difference between the global heat release rate for run 6 and the undisturbed flame sheet reduces after the vortex ring is destroyed (tϷ16).
The enhanced heat release is a direct consequence of the product formation in the interaction region. Figure 6 shows the relative amount of the total product formed only due to the interaction. The interaction increases the product formation rate. Run 1, with the weakest diffusion flame, shows the smallest increase of the amount of product during the interaction. Among the runs with the same Da c and vortex ring characteristics ͑2, 4, and 5͒, run 5 shows the largest increase during stage 1 and part of stage 2. This behavior will be correlated in the next section to the lengthening of the flame during the interaction. The higher amount of product for run 4 at later times is generated by the burning vortex core and not by the diffusion flame.
For run 6, the highly elongated flame sheet leads to higher amount of product compared to finite rate runs except for run 3. The slower translational velocity of the vortex ring in this run extends the duration of stage 1 and more product is formed in the interaction region. Moreover, the continuous flame stretch during stage 2 allows for more product to be formed. The extinction during this stage for run 3 occurs only when the fuel is completely consumed.
The increase of the global heat release and product for- 
͔ϫ100. For run 3 the abscissa scale corresponds to the upper labels.
mation is a consequence of the enhancement of the reaction rate due to the interaction. The reaction rate can be considered as a combination of ''mixing'' and temperature related terms. While MIX term depends on the availability of both fuel and oxidizer, the THRM term is only related to the temperature field. Starting from Eq. ͑4͒, the transport equation for the temperature field is obtained,
͑13͒
where ⌽ is the dissipation function. In Eq. ͑13͒ the rate of change of temperature due to convection is represented by term I, diffusion effects are given by term II, and flow work by term III. Term IV represents the viscous dissipation and term V the rate of change of temperature due to the heat released by the exothermic reaction. Except for term IV with values three orders of magnitude smaller than the other terms, the rest of the terms in Eq. ͑13͒ are significant, and their influence on the evolution of the THRM term will be examined in the next section.
C. Flame structure
The structure of the diffusion flame undergoes significant changes during the interaction with the vortex ring. The local effects of the vorticity field on the evolution of the flame surface are examined. The flame surface ͑FS͒ is defined as the locus of the points corresponding to the maximum rate of heat release. A planar rz cut through the flame surface, shown in Fig. 7 , is constructed using a gradient-type procedure, starting from the undisturbed left boundary towards the interaction region. In the undisturbed or less disturbed regions (rϾ1.5) the flame and stoichiometric surfaces coincide. Near the region where the flame is pulled inside the vortex core, FS starts to deviate from the stoichiometric surface.
L FS is defined as the length of an rz cut through the FS. The time variation of L FS is shown in Fig. 8 . The results are relative to L FS 0 at tϭ0. During stage 1 L FS increases sharply. For runs 1 and 2, although the flame stretch is approximately the same ͑about 14%͒, the duration of stage 1 is different and depends on the initial strength of the flame. The stoichiometry of the reaction, relative to the initial composition of the vortex ring is also relevant to the evolution of L FS . Amongst runs 2, 4, and 5, the diffusion flame in run 5 has the largest fuel consumption rate. The interaction with the fuel vortex ring increases the flame ability to stretch during stage 1 for run 5 compared to runs 2 and 4. The slower vortex ring used by run 3 significantly extends the duration of stage 1, approximately 6 times longer than for run 2. The flame for this run stretches twice more than the similar flame used for run 2. The sharp drop observed for all finite rate runs corresponds to the extinction process near the centerline. No extinction occurs for run 6, and L FS increases continuously, even after the vortex ring is destroyed.
During stage 2, due to the rotational motion induced by the vortex ring, the diffusion flame is stretched and rolled inside the ring. L FS develops a second maximum for the finite rate runs shown in Fig. 8 . The second peak in this figure corresponds to the disconnection of the diffusion flame from the vortex ring. The slower increase of L FS observed at later times is due to the reconnection of the diffusion flame to the centerline. The evolution of L FS is qualitatively similar to the experimental results of Renard et al. 6 for the interaction between a vortex ring and an opposed jet diffusion flame.
The flame structure during the two stages of the interaction is examined in the following subsections. The relative contributions of MIX and the THRM terms to the reaction rate during the interaction is analyzed. Their evolution is then associated with the strain rate field and the terms in Eq. ͑13͒.
First stage
Stage 1 is characterized by the head-on interaction between the vortex ring and the diffusion flame. Figure 9 shows the reaction rate, its components, and mixture fraction along the flame surface for runs 2 and 3. At early times during this stage, tϭ3.7 for run 2, the maximum reaction rate occurs on the centerline. At later times, quenching of the diffusion flame gradually starts from the centerline. For run 2 at tϭ5.7, near the end of stage 1, the reaction rate on the centerline already has decreased and the maximum W p does not occur on the centerline anymore. A similar behavior is observed for run 3 (tϭ31).
The reaction rate field is determined by the evolution of its two components, MIX and THRM ͓Fig. 9͑b͔͒. In the interaction region, the mixing term is always larger compared to the undisturbed flame, while the THRM term is smaller. At early times the combined effect of the two components is to increase the reaction strength. Further stretching of the flame results in a significant increase of MIX on the centerline for all runs. Similar to the findings of Thévenin et al., 5 the high degree of mixing does not prevent the extinction of the flame. The severe reduction of THRM term is primarily responsible for the quenching of the diffusion flame during this stage.
Due to the unsteady character of the interaction, FS shifts off the stoichiometric surface. The combination of the MIX and THRM terms determines the position of FS. For run 3, the slower vortex ring allows the flame more time to respond to the unsteady effects. The departure of FS from the stoichiometric surface for this run is not as much as for run 2 ͓Fig. 9͑c͔͒. As expected, the maximum reaction rate on the FS during flame quenching for runs 1, 2, and 3 (r st ϭ1) coincides with the location where FS crosses the stoichiometric surface.
The behavior of the MIX and THRM terms is intimately related to the strain rate field. Figure 10͑a͒ presents the strain rates along the FS for run 2. S tt and S nn are the strain rates tangential and normal to the FS, respectively, and S is the azimuthal component. The diffusion flame is practically strain-free for sϽ5.5. Near the centerline, the vortex ring causes a severe compression of the flame in the normal direction (S nn Ͻ0) and extension in the other two directions. At early times during stage 1, this results in an increase of the reaction rate primarily through the increase of the MIX term. As the magnitude of the strain rate tensor further increases, the reaction rate decreases due to a reduction in THRM term.
Equation ͑13͒ is used to determine the physical mechanisms responsible for the reduction of THRM during stage 1. Figure 10͑b͒ shows the temperature rates along the FS for run 2 at tϭ5.7. In addition to terms I, II, and V, term III ͑flow work͒ is found to be significant during stage 1. In the undisturbed region, terms II and V balance each other. The flow work term, which is proportional to the compression of the fluid element, has a positive contribution in the interaction region. The presence of the cold vortex ring near the flame significantly enhances the magnitude of both convection and diffusion terms.
For runs 2, 4, and 5 the convection and diffusion terms contribute to the reduction of THRM along the FS and to quenching of the flame. Run 1, while using the same vortex ring as the above runs, has the weakest diffusion flame among all the cases studied. For this run, the convection term is dominant and contributes the most to the extinction of the flame. Run 3 has the weakest vortex ring and the same flame as for run 2. The magnitude of convection and flow work terms is significantly smaller than the values of these terms for the other runs. Near the end of stage 1, the diffusion term becomes larger than the source term and results in the quenching of the flame.
Katta et al. 7 observed extinction patterns starting from the centerline ͑point-quenching͒ or from an annular region. The second pattern is attributed to the combined effects of preferential diffusion and flame curvature. In order to obtain extinction due to curvature effects, the unsteady effects have to be small, i.e., the flame should adjust quickly to changes in the strain rate. 2 During stage 1, for all finite rate runs presented in this study, the unsteady effects dominate the interaction. Although the flame curvature is maximum off the centerline, quenching of the flame starts from the centerline. Figure 11 shows the effects of the unsteady strain rate on the flame during stage 1. Initially S nn Ϸ0 for all runs. For run 3, the maximum reaction rate increases almost linearly with S nn . At later times, the magnitude of the strain rate becomes larger than the extinction limit and the reaction rate decreases below the extinction threshold. For the other finite rate reaction runs, S nn is significantly larger and increases at a higher rate compared with run 3. This results in a delay of the flame response to the unsteady strain rates and in a shorter duration for stage 1. The maximum reaction rate has a similar dependency on S tt and S for all the finite rate runs.
Second stage
During stage 1, the vortex ring interacts with the diffusion flame from the fuel side and extinction of the flame in the centerline region allows the ring to pass through it. During stage 2, the ring interacts with the flame on the oxidizer side. An analysis similar to stage 1 is applied to stage 2.
The reaction rate, its components, and mixture fraction along the flame surface for runs 2 and 3 are shown in Fig. 12 . The diffusion flame is stretched due to the rotational motion of the vortex ring which in turn results in high values of the MIX term. While the THRM has values significantly lower compared with the undisturbed region, the reaction rate is still significant to have a flame rolled inside the vortex ring. Examination of the reaction rate movies ͓see also Fig. 4͑a͔͒ shows that for run 2, the maximum reaction rate on the FS ͓Fig. 12͑a͔͒ occurs outside the vortex ring and only a weak flame is entrained inside the vortex core. Disconnection of the flame from the vortex ring occurs at tϭ10.7 and s ϭ9.25 on FS. Although the mixing of the fuel and oxidizer is very high in this region ͓Fig. 12͑b͔͒, the flame becomes extinct. This is due to the reduced temperature-THRM is minimum at the extinction point. Runs 1, 4, and 5 show a similar behavior for MIX and THRM terms along the FS. Unlike the other finite rate runs, in run 3 the flame does not get quenched during stage 2. The weaker vortex ring allows the entrainment of high temperature species inside the ring, and the values of the THRM term along the FS are much larger compared to run 2. The sharp drop in the values of W p and THRM observed in Figs. 12͑a͒ and 12͑b͒ for run 3 corresponds to the region very close to the flame tip.
The presence of the vortex ring on the oxidizer side of the flame significantly changes the location of the FS in the mixture fraction space ͓Fig. 12͑c͔͒, compared to stage 1. The flame pulled inside ͑run 2͒ or rolled around ͑run 3͒ the vortex core becomes fuel rich. Similar to stage 1, the maximum reaction rate along the FS occurs at the location where the FS overlaps with the stoichiometric surface.
For run 2, flame quenching is initiated at sϭ9.25 corresponding to the location of the maximum magnitude of S nn in Fig. 13͑a͒ . The flame curvature ͑K͒ in the rz plane is also maximum at this location. The strength of the vortex ring is significantly reduced during the interaction and the unsteady effects cannot mask the flame curvature effects on extinction. Similar extinction patterns are observed for runs 4 and 5. For run 1 the heat of reaction does not reduce the strength of the vortex ring significantly, and the unsteady effects dominate the curvature effects. For run 3 the unsteady and curvature effects are small and extinction of the flame occurs due to the depletion of the fuel on the oxidizer side of the flame ͓Fig. 4͑b͔͒.
Examination of the terms in Eq. ͑13͒ for run 2 reveals that early during stage 2, both convection and flow work terms are positive. At later times ͓tϭ10.7, Fig. 13͑b͔͒ , the contribution of the convection term becomes negative towards the flame tip, and together with the diffusion term leads to the reduction of temperature. The source term has negligible values along the flame entrained inside the ring and cannot prevent the quenching of the flame. While runs 1, 2, 4, and 5 show qualitatively similar evolution of the terms in Eq. ͑13͒, the weaker vortex ring in run 3 results in different evolution of these terms. The diffusion and source terms for this run balance each other along the flame surface. Unlike the other runs, the convection term is positive near the flame tip, and leads to an increase of the temperature.
V. COMPARISON WITH UNSTEADY OPPOSED JET CONFIGURATION
To obtain a comparison basis for the evaluation of the unsteady effects on the extinction characteristics of the diffusion flame during the interaction with the vortex ring, the study is extended to an unsteady opposed jet diffusion flame. This configuration is useful in understanding of the unsteady effects on the diffusion flame structure. 18, 19 The nondimensional equations for the opposed jet configuration are derived from Eqs. ͑1͒-͑5͒, using a similar procedure as Kee et al.,
), H(t)ϭ(1/r)(‫ץ‬p/‫ץ‬r).
For the 1D configuration, spatial derivatives are computed using second order centered finite differences and the time derivatives using a first order implicit scheme. Similar to Im et al. 19 ‫ץ‬p/‫ץ‬t is neglected. The resulting algebraic system is solved using a damped modified Newton algorithm as described by Lutz et al. 21 The steady state version of our code was validated against the results obtained with SANDIA's OPPDIF code. 21 For a distance L z ϭ10 between the fuel and oxidizer nozzles, 701 grid points are sufficient to capture the spatial gradients, while a time step, ⌬tϷ10 Ϫ3 resolves the time evolution of the flame.
The opposed jet configuration is used to study the unsteady extinction characteristics of a diffusion flame with the same reaction parameters as the flame used in runs 2 and 3. The time programs chosen for unsteady opposed jet configuration mimic the centerline velocity evolution during stage 1. At the fuel side edge of the diffusion flame the velocity increases continuously as the vortex approaches the flame. This velocity is approximated by v z ϭv z,max ϫP 5 (t*). The time is normalized such that, t*ϭ1 corresponds to the end of stage 1. P 5 is a fifth degree polynomial, monotonically increasing from 0 to 1 and has vanishing first derivative at t* ϭ0,1.
For the opposed jet configuration increasing the jet velocity at the fuel boundary only, pushes the diffusion flame too close to the oxidizer boundary. Therefore we use a similar time program for both fuel and oxidizer jets, and the diffusion flame is located in the center of the domain.
A steady diffusion flame is initially obtained. The velocity of the opposed jets is selected such that the maximum reaction rate in the diffusion flame is equal to the maximum reaction rate corresponding to the initial flame for runs 2 and 3 ͓see Fig. 2͑a͔͒ . Using the steady state solution as initial condition, unsteady simulations were performed. The time programs of the velocities at fuel and oxidizer boundaries are
where v 0 ϭ0.02, v 0 m is the maximum speed at the fuel and oxidizer nozzles, and
͑19͒
where t j controls the rate of increase of the velocity of the opposed jets. The values of , T, Y i , and G are kept constant at fuel and oxidizer boundaries. The effect of t j on the response of the opposed jet diffusion flame to the unsteady strain rates is considered. Three unsteady opposed jet runs were performed, 1 o j Ϫ3 o j corresponding to t j ϭ30, 60, and 120, respectively. The same maximum jet velocity is used for all three simulations, v 0 m ϭ0. 16 . Figure 14 shows the time variation of the maximum reaction rate versus the normal strain rate. The flow unsteadiness is the highest for run 1 o j which results in a delayed response of the diffusion flame. The maximum reaction rate increases even after the opposed jets reach their maximum speed. For a short time, this generates higher expansion velocities from the flame and reduces the normal strain rates. Finally, the flame becomes extinct as a result of maintaining the normal strain rates larger than the steady state extinction limit ͓(S nn ) ext ϭ0.082͔.
The unsteady effects are reduced by increasing the value of t j . For run 3 o j , the reaction rate reaches its maximum before the maximum value for S nn is achieved. Similar extinction paths are observed in Fig. 11 for runs 1, 2, 4, and 5. The unsteady effects for run 3 shown in Fig. 11 are considerably reduced compared to other finite rate runs. During stage 1 for this run, the maximum reaction rate has a quasilinear dependence on S nn , similar to the steady state ͑S.S.͒ opposed jet extinction path in Fig. 14 .
Two characteristic time scales are relevant to the evolution of the diffusion flame. The chemical ( c ) and diffusion ( d ) time scales on the centerline are defined as
where f is the scalar dissipation on the centerline. The Damköhler number is defined as Daϭ d / c . An additional time scale is defined to characterize the vortex ring,
where U rot is the rotational velocity of the vortex core. Thévenin et al. 22 proposed a spectral diagram which describes the interaction regimes of the nonpremixed flamevortex interaction. In region ''V'' of this diagram ͑Fig. 3 of Thévenin et al. 22 ͒, extinction of the flame occurs due to strong vortices and curvature effects. For runs 1, 2, 4, and 5 the vortex ring time scales are initially much smaller than the corresponding chemical time scales ͑Table IV͒. These runs are positioned towards the top of region ''V,'' outside the domain accessible to the experiments. For these runs the unsteady effects mask the curvature effects during stage 1, and the flame is extinct primarily due to straining. However, during stage 2 for runs 2, 4, and 5 the vortex ring is weaker and the flame becomes extinct due to both curvature and unsteady effects. For run 1, which initially has the largest value of U T t c /␦ f (Ϸ12) in Fig. 3 of Thévenin et al., 22 the vortex ring is still too strong during stage 2, and the curvature effects are negligible. During stage 1, run 3 is also positioned in region ''V,'' but at a lower value of U T t c /␦ f due to the slower vortex ring. Although the curvature effects are larger for this run than the other runs, they are still small compared to the unsteady effects. During stage 2, prior to its destruction by the heat of reaction, the vortex ring rolls-up the diffusion flame. The characteristics of the interaction during stage 2 for run 3, are similar to region ''VII'' in Fig. 3 of Thévenin et al. 22 In this region, the flame roll-up is important, while curvature effects are negligible.
The asymptotic analysis 2, 22, 23 is valuable in determining regions where different effects are significant in the diffusion flame-vortex interaction. However, our DNS results show that, similar to a turbulent diffusion flame, the characteristics of the interaction change as the vortex ring and flame time scales are modified.
A comparison between the centerline values of Da during stage 1 for runs 1-3 and the unsteady opposed jet simulations is presented in Fig. 15 . Both c and d are reduced as a result of the increased strain rates, however the diffusion time scale decreases at a higher rate. For t*Ͻ0.75 the Da corresponding to runs 1 o j Ϫ3 o j decreases slowly, since the flame is capable to respond to the unsteady strain rates. In Fig. 15 , t*Ϸ0.75 corresponds to the maximum reaction rate in Fig. 14. For t*Ͼ0 .75 the values of Da decrease sharply for the opposed jet runs. A similar behavior is observed for run 3, for which the vortex ring has the largest vr among the finite rate runs. Increasing the strength of the ring compared to the flame decreases the flame ability to adjust to the unsteady strain rates. For run 2, Da values drop significantly for t*Ͼ0.5, and for run 1, almost the entire stage 1 is characterized by a sharp decrease in the values of Da. Extinction at the end of stage 1 (t*ϭ1) corresponds to the time when the reaction rate on the centerline decreases below 5% of W p 0 .
This criterion is consistent with the order-of-magnitude analysis based on the flow and flame time scales, and corresponds to DaϷ10 Ϫ2 .
VI. SUMMARY AND CONCLUSIONS
Direct numerical simulations of vortex ring-diffusion flame interaction are performed. The results are used to gain some understanding of ͑1͒ the flame structure during its interaction with a vortex ring, and ͑2͒ the unsteady extinction characteristics of the diffusion flame.
The finite rate diffusion flames are ignited by a ''spark.'' After the flame reaches a quasisteady state, the vortex ring is generated from the fuel side of the flame. The vortex ring direction of motion is perpendicular to the flat flame. The chemical reaction is of a 1-step irreversible Arrhenius-type. Several flame and vortex ring parameters are considered. In addition to the finite rate reaction runs, the interaction between a vortex ring and a heat releasing flame sheet was also considered.
Two stages for the interaction between the vortex ring and the finite rate flame are identified. First stage corresponds to the head-on collision of the vortex ring with the flame, and extends until the flame gets extinct near the centerline. All finite rate flames exhibit a ''point-quenching'' pattern for which the extinction starts from the centerline. During this stage, the unsteady effects are dominant and mask the influence of the flame curvature on the extinction process. In contrast to the finite rate runs, no extinction occurs during run 6, and the interaction is characterized by only one stage.
Counterflow diffusion flames with the same reaction parameters as the flame in runs 2 and 3 are also considered. The strain rates corresponding to the opposed jet simulations are considerably smaller than their counterparts induced by the vortex ring. However, similar extinction patterns are observed.
The response of the flame to the unsteady strain rates depends on the initial characteristic time scales of the flame and the vortex ring. For run 3, the chemical and vortex ring time scales are approximately the same. The flame in this run is capable of adapting to the unsteady strain rates for most of stage 1. For other runs, for which the vortex ring time scale is much smaller than the chemical time scale the flame adaptability diminishes and the duration of stage 1 is reduced.
During the second stage as the vortex ring moves towards the oxidizer side, it draws the flame inside. For all the finite rate runs except run 3, the values of the strain rates induced by the vortex ring remain large. This results in the quenching of the flame, and its disconnection from the vortex ring. For runs 2, 4, and 5, in addition to the unsteady effects, the curvature effects also play an important role in the extinction of the flame. The extinction mechanism for run 3 during this stage is different than the other runs. For this run as the flame is stretched around the vortex core on the oxidizer side, the heat of reaction destroys the vortex ring. Extinction occurs at later times due to the complete consumption of the fuel convected by the ring. The flame surface during the interaction does not always coincide with the stoichiometric surface. In order to gain a better understanding of the effects of the vortex ring on the flame structure, relevant terms during the interaction are evaluated along this surface. The reaction rate is divided into MIX and THRM parts. It was found that, while MIX increases by several orders of magnitude in the interaction region, THRM reduces significantly. The severe temperature decrease leads to the extinction of the finite rate flames despite the high degree of mixing.
The evolution of the temperature field is further examined by considering the relevant terms in the temperature transport equation. The balance between the convection, diffusion, and source terms during the interaction is related to the relative strengths of the flame and the vortex ring. For run 3, along the flame surface the diffusion term is much larger than the convection term and controls the flame extinction. During the interaction with a stronger vortex ring ͑runs 2, 4, and 5͒, the convection and diffusion terms equally contribute to the extinction. For run 1, the quenching process is entirely controlled by the convection term.
